The disaccharide isoprimeverose [␣-D-xylopyranosyl-(1,6)-D-glucopyranose] is the major building block of xyloglucan, a widely distributed hemicellulose which occurs in the primary cell wall in plants (12) . Xyloglucan polysaccharides contain a ␤-(1,4)-glucan backbone with ␣-(1,6)-D-xylose residues linked to about 75% of the backbone glucosyl residues. Additional ␣-L-fucosyl-(1,2)-␤-D-galactosyl-(1,2)-branchings to position 2 of the xylosyl side chains also regularly occur, but the extent of these branchings is dependent on the species of the plant (12, 23) . Xyloglucan can be degraded by cellulolytic microorganisms which produce various endoglucanases acting with different specificities on cellulose and/or hemicellulose (for a review, see reference 37). In general, treatment of xyloglucan by microbial endoglucanases yields xyloglucan fragments (hepta-to nonasaccharides) and smaller oligosaccharides, such as isoprimeverose (36) . In contrast to the degradation of xyloglucan, relatively little is known about the enzymatic hydrolysis of isoprimeverose. Until now, the characterization of a genetic system implicated in the metabolism of this disaccharide has not been reported in the literature. However, a few ␣-xylosidases acting on xyloglucan oligosaccharides and/or isoprimeverose have been reported to exist in microorganisms and plants (22, 24, 39, 40, 43) . In these studies, some of the biochemical properties of the purified enzymes were investigated. The ␣-xylosidases described vary considerably in molecular weight and substrate specificity. For instance, the ␣-xylosidase isolated from pea seedlings cleaves only the xylosidic linkage in xyloglucan oligosaccharides, whereas most of the microbial enzymes are barely active on these substrates. On the other hand, the microbial enzymes can hydrolyze smaller ␣-xylosides, such as isoprimeverose, p-nitrophenyl-␣-D-xylopyranoside (␣-p-NPX), and, in some cases, methyl-␣-D-xylopyranoside. The affinity of these ␣-xylosidases for isoprimeverose was found to be low (apparent K m , 10 to 50 mM) (22, 39, 41, 43) .
In general, lactobacilli are not degraders of polysaccharides such as cellulose or hemicellulose but readily ferment smaller carbohydrates (mono-, di-, or trisaccharides). Lactobacillus pentosus is a facultatively heterofermentative bacterium frequently associated with lactic-acid fermentation on vegetables such as cucumbers, cabbages, or olives (42) . L. pentosus MD353 was originally isolated from a cucumber fermentation and was studied for its ability to ferment D-xylose. Previous studies have shown that the fermentation of D-xylose by L. pentosus involves the expression of two genes encoding D-xylose isomerase (xylA) and D-xylulose kinase (xylB) (18, 19) . The transcription of the xylAB operon is induced by growth on xylose and is negatively controlled by a repressor protein (XylR) and by the transacting protein CcpA, a global regulator of catabolite repression (CR) in gram-positive bacteria (10, 14, 20) . The repressor gene, xylR, is located upstream of the xylAB operon, and its transcription occurs from its own promoter in the absence of xylose, with the same polarity as that of xylAB. However, Lokman et al. (19) have previously shown that in the presence of xylose, xylR can be 10-fold more efficiently expressed from an unidentified promoter located upstream of the xylR gene. The size of the xylR-containing mRNA, which is inducible by xylose, was found to be large enough (Ͼ5 kb) to comprise additional open reading frames (ORFs). Preliminary sequencing results (19) revealed the presence of at least two genes: xylP, encoding a putative permease, and xylQ, encoding a protein of unknown function. In this paper we report the complete cloning and sequence analysis of the xylPQ genes and of the regulatory elements of the xylPQR operon. We also demonstrate that the xylPQ genes are involved in the metabolism of isoprimeverose rather than in xylose metabolism. This constitutes the first description of the primary structure of an ␣-xylosidase (XylQ) and of a putative isoprimeverose cation symporter (XylP).
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains and genetic elements used in this study are listed in Table 1 . Escherichia coli JM109 was grown on Luria-Bertani agar or in Luria-Bertani broth. Ampicillin was added at a final concentration of 100 g/ml. L. pentosus strains were grown at 37°C in MRS medium (Difco Laboratories, Detroit, Mich.) or M medium (19) containing 1% (wt/vol) of the indicated sugar. Erythromycin was added at a concentration of 2.5 g/ml when necessary. The test of sugar fermentation was performed in 200 l of M medium containing 0.5% (wt/vol) of the corresponding sugar and 0.005% bromocresol purple. Fermentation was tested by the color change of the medium from purple to yellow due to acid production. For plating, media were solidified with 1.5% agar.
Materials. Enzymes were purchased from Boehringer or Bethesda Research Laboratories and were used according to the specifications of the manufacturer. [␣- 35 14 C]xylose (89 mCi/mmol) were obtained from Amersham. Xyloglucan oligosaccharides were prepared as described elsewhere (35) by treatment of tamarind seed xyloglucan (Dainippon Pharmaceutical, Osaka, Japan) with an endoglucanase preparation (Maxazyme C1; Gist-Brocades, Delft, The Netherlands). Isoprimeverose was obtained by treatment of 200 mg of xyloglucan oligosaccharides with 2 mg of protein of a Driselase preparation (Sigma, St. Louis, Mo.) in 10 ml of a 50 mM sodium acetate buffer (pH 5) for 16 h at 40°C (36) . The free glucose and free galactose were removed by incubating the mixture for 2 h at 37°C with 10 mg (dry weight) of Lactobacillus plantarum 80 cells grown on galactose. After centrifugation (at 10,000 ϫ g for 10 min), the isoprimeverose was filter sterilized and the purity of the disaccharide was verified by thin-layer chromatography (TLC).
Preparation of cell extracts. Cells in the logarithmic phase of growth were harvested by centrifugation (at 5,000 ϫ g, at 4°C, for 10 min), washed twice with 50 mM potassium phosphate buffer (pH 6.5) containing 0.5 mM EDTA, and resuspended to 1/100 of the culture volume in the same buffer to which 1 mM of dithiothreitol was added (KPED buffer). Cells were broken by three passages through a French pressure cell (11,000 lb/in 2 ). Cell debris was removed by centrifugation (at 20,000 ϫ g, at 4°C, for 20 min), and the membranes were separated from the soluble fraction by centrifugation (at 100,000 ϫ g, at 4°C, for 2 h). The membranes were washed once with KPED buffer, and the two fractions (cytosol and membranes) were stored frozen at Ϫ70°C until they were used. Protein concentration was determined by the method of Smith et al. (32) by using bicinchoninic acid.
Enzyme assays. The conversion of D-xylose (200 mM) to D-xylulose by D-xylose isomerase was measured as described elsewhere (4) . The NADH oxidase activity present in the cytosolic fraction was inhibited by incubating the reaction mixture for 15 min with KCN at a final concentration of 1 mM. D-Xylulose kinase activity was determined by measuring the appearance of ADP formed as a result of the D-xylulose kinase reaction. ADP formation was determined as described previously for the determination of acetate kinase activity (33) . D-Xylulose was used at a final concentration of 1 mM. ␣-Xylosidase activity with ␣-p-NPX as the substrate was determined in 500 l of KPED buffer (pH 6.5) at 37°C with a final ␣-p-NPX concentration of 5 mM. The reaction was stopped by addition of 250 l of 1 M Na 2 CO 3 , and the optical density at 410 nm (OD 410 ) was measured. ␣-Xylosidase activity with isoprimeverose (0.5 mM) as the substrate was determined by coupling the release of glucose from the disaccharide to the hexokinase-glucose 6-phosphate dehydrogenase reaction as described elsewhere (2), except that the reaction buffer was KPED (pH 6.5). ␣-Glucosidase activity was determined under the conditions used for the ␣-xylosidase activity determination, except that the substrate was p-nitrophenyl-␣-D-glucopyranoside (␣-p-NPG) at a final concentration of 5 mM.
D-Xylose uptake measurements. Prior to the start of the transport experiment, xylose-growing cells were diluted to a protein concentration of 3 to 5 mg/ml in 800 l of uptake buffer (50 mM potassium phosphate [pH 6.5] supplemented with 2 mM MgSO 4 ). After 5 min of incubation at 37°C with gentle stirring, transport was initiated by the addition of D-[U-
14 C]xylose (0.4 Ci/mmol) at a final concentration of 500 M. After 1 min, the reaction mixture was diluted into 10 ml of ice-cold 0.1 M LiCl, rapidly filtered through glass fiber filters (Whatman GF/F), and washed with 2 ml of ice-cold 0.1 M LiCl. The radioactivity on the filter was determined by liquid scintillation. The uptake of D-xylose was linear up to 2 min.
Plasmid constructions. To construct plasmid pLPA1, genomic DNA from strain MD353 was first digested by several restriction enzymes and analyzed by Southern hybridization using different fragments from the xylR upstream sequence previously cloned in pXH50A (18) as probes. Unique DNA fragments hybridizing to the probes were identified. MD353 chromosomal DNA double digested by ClaI-BamHI was cloned into pBR322 to yield plasmid pLPA1. Plasmid pLPA4 was constructed by cloning of a 1.6-kb SpeI-BamHI fragment from pLPA1 into the XbaI-BamHI sites of the integration vector pIN15E (20) . To obtain pLPA3, a digestion was performed on pLPA4 from the MscI site located in xylP to the SmaI site of the multicloning region of pIN15E. The blunt ends of the vector were ligated to give a shortened SpeI-MscI fragment of 660 bp. E. coli JM109 was used as the host for the propagation of all vectors.
DNA and RNA manipulation and nucleotide sequence analysis. L. pentosus chromosomal DNA was isolated as described by Lokman et al. (18) , and RNA was isolated as described by Pouwels et al. (28) . For primer extension analysis, RNA was isolated from wild-type cells during the exponential phase of growth on xylose. To obtain the LPE1 (⌬xylPQ) and LPE2 (⌬xylQ) mutants, L. pentosus MD353 competent cells were transformed with plasmids pLPA3 and pLPA4 by electroporation, and the integrants were isolated as described previously for the ⌬xylR mutant (20) . Recombinant DNA procedures and transformation of E. coli were performed by standard methods (30) . Nucleotide sequencing was performed by the dideoxy termination method (31) . DNA fragments were isolated from agarose gels by using the GeneClean kit from Bio 101 (La Jolla, Calif.). To obtain the MunI inverse PCR fragment, genomic DNA was digested by MunI and ligated at a concentration of 2 ng/l. The ligated DNA was precipitated in the presence of 1 g of glycogen as the carrier and resuspended at a concentration of 30 ng/l. One hundred nanograms of DNA and 20 pmol each of xylp5 (5Ј-GGCACCATATTTTTATGGAT-3Ј), complementary to codons 22 to 28 of xylP, and xylp3 (5Ј-GGAGTGAACGTTTCAGTTAT-3Ј), complementary to anticodons 30 to 35 of xylP, were used in the amplification reaction performed with the Expand high-fidelity PCR system (Boehringer Mannheim). The PCR fragment was sequenced by using the fmol DNA sequencing kit (Promega). Primer extension analysis was performed by annealing 1 pmol of 32 P-labeled xylp5 oligonucleotide with 20 g of total RNA, followed by synthesis of cDNA with reverse transcriptase (from Moloney murine leukemia virus; Bethesda Research Laboratories). The BLAST research and the amino acid PILEUP comparisons were performed by using the Genetics Computer Group programs through the facilities of the CAOS/CAMM center, Nijmegen, The Netherlands.
TLC. TLC was performed with Merck silica gel 60 TLC plates. The solvent system was n-butanol-ethanol-water (10:1:2), and the plates were developed twice. The sugars were detected by dipping the gel into a solution of 0.5% ␣-naphtol-5% sulfuric acid in ethanol and heating at 120°C for 5 min.
Nucleotide sequence accession number. The sequence, including xylP, xylQ, and the promoter-operator region, has been deposited in the EMBL/GenBank database under accession no. U89276.
RESULTS
Cloning and sequence analysis of xylP and xylQ. Part of the sequence of xylP and xylQ was determined by Lokman et al. (19) , and the deduced amino acid sequence of xylP was used for comparison with other transport proteins by Poolman et al. (26) . Here we describe the analysis of the complete xylP and xylQ region located upstream of xylR and cloned in plasmids pLPA1 and pXH50A ( Fig. 1A ) (19) . DNA sequence analysis of these genomic fragments revealed two ORFs that were transcribed in the same direction. The first ORF, encoding a protein of 479 amino acids called XylP, started immediately after the ClaI site used for the cloning in pLPA1. This ORF contained two possible Met start codons, the first located within the ClaI site and having an ATGA motif, the second located 10 nucleotides downstream. The second ORF, encoding XylQ, a protein of 758 amino acids, probably started with a Val codon (GTG) located 27 nucleotides downstream from the translational stop of xylP and was preceded by a potential ribosome binding site (5Ј-GAAAGGA-3Ј) typical for Lactobacillus mRNAs (27) . The two stop codons of xylQ (5Ј-TGATA A-3Ј) were located 5 nucleotides upstream of the Ϫ35 element of the xylR constitutive promoter. No inverted repeat that could potentially constitute a Rho-independent terminator of transcription could be identified in the sequence described here. Isolation of xylP upstream sequences and sequence analysis of the xylP promoter-operator region. Cloning of sequences located upstream of the ClaI site was initially unsuccessful due to severe instability when either E. coli or Lactobacillus casei ATCC 393 was used as the host. However, by using inverse PCR after digestion of chromosomal DNA by MunI, a fragment of 1.9 kb, comprising 1.0 kb of xylP upstream sequences in addition to 0.9 kb of the xylP gene, could be obtained. Nucleotide sequence analysis of this PCR product showed that the first xylP ATG codon is preceded by a putative ribosome binding site similar to the one identified in the xylP-xylQ intergenic region, suggesting that the first rather than the second ATG codon is the genuine translation start site. Putative Ϫ10 and Ϫ35 consensus sequences of promoters spaced by 17 bp were found (TACTCT and TTGCAA) 144 and 167 nucleotides before the first ATG codon of xylP (Fig. 2) . Primer extension analysis performed with RNA isolated from xylose-induced cells showed an RNA transcript starting 7 nucleotides downstream of the Ϫ10 element (Fig. 3) . The region was also examined for sequences which might be characteristic of cis elements involved in regulation of xylPQ expression. A sequence of 27 nucleotides (Fig. 2 ) ending 65 bp upstream of the ATG of xylP displayed considerable homology with the palindromic xyl operator (xylO) found in the promoter regions of xylA genes of gram-positive bacteria (6) . This finding indicated that the expression of xylP and xylQ could be negatively controlled by the repressor XylR. Another motif overlapping the putative Ϫ10 of the promoter (Fig. 2) showed similarity to the catabolite response element (cre) involved in general CR in grampositive bacteria. Although this cre element showed three mismatches, at positions 7, 10, and 14, to the consensus sequence established by Weickert and Chambliss (38) , this finding sug- gested that the xylPQ operon might be subject to CcpA-dependent CR.
XylP structural features and amino acid sequence similarity. Hydropathy analysis of the XylP protein revealed 12 hydrophobic segments of 19 residues (or longer) likely to span the cytoplasmic membrane (data not shown). The deduced amino acid sequence of XylP demonstrated similarity, ranging from 28 to 32% identical amino acids, with XynC of Bacillus subtilis (8), GusB of E. coli (16) (Swiss-Prot database accession no. P30868), and three other E. coli hypothetical proteins: a protein encoded by ORFf479, present in the genomic region from 81.5 to 84.5 min (3), and two proteins encoded by ORFf723 and ORFf481, present in the genomic region from 87.2 to 89.2 min (25). These membrane proteins have recently been designated the GusB subgroup of the GPH family of translocators (26) .
Inactivation of xylP and/or xylQ by chromosomal integration. The sequence homology found between XylP and translocators of the GPH family suggested that XylP might be a xylose transporter. To assess the roles of XylP and XylQ in xylose transport and metabolism, xylP was disrupted and/or xylQ transcription from the xylP promoter was inhibited. The inactivation of these two genes was achieved by using a strategy of chromosomal integration based on the use of a plasmid harboring a temperature-sensitive replicon (pIN15E). L. pentosus MD353 was transformed with plasmid pLPA3, carrying xylP of which both the 5Ј and 3Ј ends were truncated, or with pLPA4, in which xylP was truncated only at its 5Ј end and which contained 250 bp of xylQ downstream from its 3Ј end (first BamHI site). The integration of these plasmids in the chromosome resulted in strains LPE1 and LPE2, respectively. The genetic structure of the xyl locus of LPE1 and LPE2 is shown in Fig. 1B . Briefly, integration of pLPA3 led to disruption of xylP in LPE1, with a concomitant polar effect on xylQ and xylR expression from the xylP promoter. Integration of pLPA4 also led to a polar effect on xylQ and xylR expression from the xylP promoter, but in this case, a complete xylP gene was restored after integration.
Growth characteristics of LPE1 and LPE2 on xylose. The growth characteristics of LPE1 and LPE2 on xylose are summarized in Table 2 . Inactivation of xylP and xylQ did not result in the absence of growth on xylose and transport of xylose. Although the activities of D-xylose isomerase and D-xylulose kinase were decreased in the disruption mutants compared to the activities in the wild-type strain, the mutants showed increases in their growth rates and rates of xylose uptake. The growth of LPE1 and LPE2 mutants on xylose was also characterized by a longer lag period (by about 1 day) compared to that of the wild-type strain. These observations challenged the putative role of XylP as a xylose transporter and suggested that xylose uptake might be catalyzed by another as yet unidentified transport system, distinct from XylP. These results showed, furthermore, that XylP and XylQ are not essential for xylose fermentation.
Analysis of XylQ sequence. The Swiss-Prot protein sequence database was searched for entries showing similarity to XylQ with the BLAST computer program (1). XylQ showed, throughout its entire length, strong sequence homology (46%) to an E. coli 88.1-kDa protein of unknown function (encoded by ORFf772, presumably transcriptionally coupled to ORFf479, which is mentioned above) and local homology with another hypothetical E. coli protein of 77.3 kDa, of unknown function (encoded by ORFf678 and presumably transcriptionally cou- pled with ORFf481 and ORFf723, mentioned above). In addition, the results of the computer search revealed that the predicted amino acid sequence of XylQ contained four stretches, ranging from 18 to 38 residues, which showed striking similarity to regions highly conserved among members of family 31 of glycosyl hydrolases, described by Henrissat and Bairoch (11) . However, no significant homology could be found between the prokaryotic XylQ, f772, and f678 amino acid sequences and those of the members of family 31 when the entire amino acid sequences were considered. Family 31 of glycosyl hydrolases is a very diverse group of eukaryotic ␣-glucosidases which were shown to share two conserved domains of about 200 and 300 residues. These two domains are connected and flanked by linker regions which can vary greatly in length and function, such as signal-anchor sequences of secretion pathways or putative glycosylation sites (15, 16) . We assumed that these linker regions, specific for eukaryotic functions, were unlikely to be found in the prokaryotic proteins XylQ, f772, and f678. Therefore, we performed an alignment of XylQ, f772, and f678 sequences with the conserved domains of family 31 ␣-glucosidases from which the linker regions were omitted. Figure 4 shows the sequence comparisons. We found that XylQ and the two E. coli hypothetical proteins (f772 and f678) shared similar domains and that one of the amino acid clusters revealed by the BLAST search overlapped with one of the PROSITE signatures of family 31. Furthermore, the aspartic residue of the sucrase-isomaltase complex (15, 29) and of the human lysosomal ␣-glucosidase (13), shown to be essential for catalytic activity, appeared to be conserved in the three prokaryotic proteins. Finally, hydropathy analysis of XylQ indicated the presence of two putative transmembrane helices. The first hydrophobic segment was 23 residues (residues 254 to 276) and was separated by 210 residues from the second (residues 486 to 505), which was 20 residues. . Since the expression of xylQ is induced by xylose, we investigated the likelihood that xylQ might encode an ␣-xylosidase instead of an ␣-glucosidase by testing fermentation on methyl-␣-D-xylopyranoside, isoprimeverose, and xyloglucan oligosaccharides, which are typical substrates for ␣-xylosidases. For the last substrate, we used a mix of xyloglucan oligosaccharides from tamarind seed (composed of 13% XXXG, 9% XLXG, 28% XXLG, and 50% XLLG) as described elsewhere (35) . The nomenclature, according to Fry et al. (7), is as follows: (1,4) -. The wild-type strain could ferment all substrates in 24 h except methyl-␣-D-xylopyranoside and xyloglucan oligosaccharides, which were not fermented at all. For these two substrates, the fermentation ability was checked for a longer period, but it remained negative after 96 h of incubation. Similar results were obtained with the LPE1 and LPE2 mutants except that they could not ferment isoprimeverose even after 96 h, suggesting that the xylPQ operon is involved in isoprimeverose metabolism.
Identification and cellular location of XylQ enzyme activity. To characterize the enzymatic activity of XylQ, the wild-type and LPE1 and LPE2 mutant strains were grown on xylose medium to induce the expression of XylQ. Cells were harvested at the exponential phase of growth, and ␣-xylosidase and ␣-glucosidase activities were measured in the cytosolic and membrane fractions of the three strains with the chromogenic substrates ␣-p-NPX and ␣-p-NPG, respectively (Table 3) . ␣-Glucosidase activity was present in both the membrane and cytosolic fractions of the wild-type strain and was not significantly different in the LPE1 and LPE2 mutants. ␣-Xylosidase activity was detected only in the membrane fraction of the wild-type strain. The inactivation of xylQ in both the LPE1 and LPE2 mutants resulted in the loss of this membrane-associated ␣-xylosidase activity.
Substrate specificity of XylQ. To confirm that XylQ was able to hydrolyze isoprimeverose, the membrane fractions of the wild-type bacteria and the LPE2 mutant were incubated with the disaccharide. The reaction mixtures were analyzed by TLC (Fig. 5A) . Only the membrane fraction from the wild-type bac- teria could hydrolyze isoprimeverose into equimolar amounts of glucose and xylose. Isoprimeverose was not hydrolyzed by the LPE2 mutant membrane fraction, even after 5 h of incubation. Similar results were obtained with the LPE1 mutant membrane fraction (data not shown). The substrate specificity of XylQ was examined by conducting similar reactions with maltose, isomaltose, sucrose, methyl-␣-D-xylopyranoside, and xyloglucan oligosaccharides. Although ␣-glucosidase activity with ␣-p-NPG could be detected in the membrane fraction of each strain (see Table 3 ), no glucose could be released from maltose and sucrose and only a small amount of glucose could be liberated from isomaltose in 5 h of incubation time (Ϸ5% of the amount of isomaltose). However, the levels of isomaltase activity were similar in the wild-type bacteria and the LPE1 and LPE2 mutants, indicating that this partial hydrolysis of isomaltose did not result from XylQ activity (data not shown).
Methyl-␣-D-xylopyranoside was not hydrolyzed either (data not shown), but liberation of 25 to 50 nmol of xylose from 2.5 mg of xyloglucan oligosaccharides, equivalent to 1.8 mol based on the average molar weight (1,400 g/mol) of the xyloglucan oligosaccharide mix, could be detected after 1 h of incubation with the membrane fraction of the wild-type bacteria (Fig. 5B ). This activity was not present in the membrane fraction of the LPE2 mutant. However, a high concentration of xyloglucan oligosaccharides (above 5 mM) was required to detect the formation of xylose, and the amount of xylose liberated by the membrane fraction of the wild-type bacteria from this substrate was not increased after 1 h, suggesting that the enzyme recognized only some of the ␣-xylosidic linkages. Thus, among the substrates examined, only ␣-p-NPX and isoprimeverose were efficiently hydrolyzed by XylQ. Kinetic parameters for the hydrolysis of ␣-p-NPX and isoprimeverose by the membrane fraction of the wild-type bacteria were determined. In these experiments, isoprimeverose activity was evaluated by measuring the glucose released from the disaccharide, as described in Materials and Methods. The apparent K m and V max values of ␣-p-NPX and isoprimeverose were 1.3 mM and 54 nmol/min/mg of protein, and 0.2 mM and 446 nmol/min/mg of protein, respectively.
Regulation of ␣-xylosidase activity. As described above, the promoter region of the xylPQ operon contained a cre-like sequence overlapping the Ϫ10 of the promoter and a putative xylO operator sequence between the promoter and the start codon of xylP. To verify the control by the repressor XylR and the influence of glucose on xylPQ expression, ␣-xylosidase activity was measured in the membrane fractions of several L. pentosus wild-type and mutant strains grown in the presence of either glucose, glucose plus xylose, or xylose. The results of these experiments are shown in Table 4 . The repression mediated by glucose was approximately fivefold, and about 80% of this repression could be released by disruption of the ccpA gene. As expected, deletion of the xylR gene resulted in ␣-xylosidase activity when cells were grown in the absence of xylose, although five-to eightfold glucose repression could still be detected. Finally, a small but significant level of ␣-xylosidase activity could be detected in the ccpA mutant grown on glucose (1 to 2% of the activity found for the wild type grown on xylose).
DISCUSSION
The initial aim of this study was to assess the possible role(s) of xylPQ in xylose transport and metabolism, which was suggested by the induction of the xylPQR operon and the homology of XylP to a family of cation symporters. Surprisingly, our data showed that inactivation of xylP and xylQ did not result in the absence of xylose fermentation and that disruption of xylP did not abolish or reduce the rate of xylose uptake, making a role for XylP in transport unlikely. However, inactivation of xylQ resulted in the loss of a membrane-associated ␣-xylosidase activity and of isoprimeverose fermentation. The determination of the ␣-xylosidase activity in the membrane fraction of the L. pentosus ⌬xylR mutant and the L. pentosus ⌬ccpA mutant grown in the presence of xylose, glucose, or xylose plus glucose allowed us to demonstrate that the expression of xylPQ is negatively controlled by XylR and is subject to CcpA-dependent CR. Whether the complex formed between CcpA and its corepressor (Ser-P) HPr binds to the cre-like element identified in the promoter region of the xylPQ operon is not yet known. This is the first report which describes the primary structure of an ␣-xylosidase specific for isoprimeverose. This is also the first demonstration that a gene locus, xylPQRAB, which comprises genes involved in the metabolism of both D-xylose and isoprimeverose has been found in bacteria (the characterization of XylP as an isoprimeverose transporter will be described elsewhere). Since L. pentosus is frequently associated with lactic-acid fermentation on vegetables, the ability of this bacterium to utilize isoprimeverose as an energy source may not be casual. The hydrolysis of isoprimeverose by XylQ to glucose and xylose, and the subsequent catabolism of the xylose moiety by XylA and XylB, may represent a straightforward and major pathway of D-xylose assimilation from the plant cell wall in L. pentosus. However, L. pentosus is unable to ferment xyloglucan oligosaccharides and therefore is unable to liberate isoprimeverose from these substrates. Nevertheless, hydrolysis of xyloglucan might be achieved by fibrolytic microorganisms which can be associated with the fermentation of plant materials. Indeed, previous studies have shown that many microorganisms, such as gram-negative bacteria, yeasts, molds, and lactic acid bacteria, can be involved in the natural fermentation of vegetables (5) . Because of the complex array of microorganisms present during fermentation, the various polymers of the plant primary cell wall might undergo a significant breakdown, resulting in the liberation of isoprimeverose. A small amount of free xylose might be present as a result of hemicellulose hydrolysis and could mediate induction of xylPQ expression.
Our data indicate that XylQ is an enzyme which has a stringent substrate specificity and a high affinity for isoprimeverose (apparent K m , 0.2 mM). Although a measurable amount of xylose could be released from a mix of xyloglucan oligosaccharides, the rate of hydrolysis was lower than that for isoprimeverose and required a higher concentration of the substrate. It is possible that the enzyme recognized with a low affinity the isoprimeverose unit (X) located at the nonreducing end of the nona-, octa-, or heptasaccharides and then cleaved the ␣-xylosidic linkage. A similar activity has been demonstrated for the ␣-xylosidase from pea seedlings (24) and from Aspergillus niger (22) . Particularly interesting is the observation that the L. pentosus ␣-xylosidase shares some features with the glycosyl hydrolase family 31. Our results demonstrate that, unlike the members of this family, XylQ does not hydrolyze the ␣-glycosidic bonds in maltose (␣-1,4), isomaltose (␣-1,6), and sucrose (␣-1,2) but hydrolyzes only isoprimeverose. However, the only structural difference between isoprimeverose and isomaltose is a hydroxy methyl group at the C-6 position of the nonreducing end of the disaccharide. Based on this observation, it is conceivable that two enzymes hydrolyzing very similar sugars may display some preservation of their structural domains. This view is supported by the additional finding that in XylQ an aspartic acid residue which has previously been characterized as belonging to the active site in the intestinal sucrase-isomaltase complex from mammals (15, 29) and the human lysosomal ␣-glucosidase (13) is conserved (see Fig. 4A ). Together, these observations strongly suggest that the hydrolysis of isoprimeverose by XylQ might follow a catalytic mechanism similar to that involved in the hydrolysis of maltose and isomaltose by the ␣-glucosidases of family 31. It is important to note that XylQ is not similar to the isomaltase enzymes of bacterial origin, which are mostly grouped within family 13 (dextran ␣-glucosidases and ␣-amylases) or family 15 (glucoamylases). The reason why a bacterial ␣-xylosidase is more homologous to eukaryotic isomaltases than to prokaryotic isomaltases is not immediately clear. This may indicate that the genes involved in the utilization of isoprimeverose in bacteria and isomaltose in eukaryotes could have evolved from a common ancestral genetic system. Unfortunately, since the primary structures of the ␣-xylosidases described earlier (22, 24, 39, 40, 43) are not yet available, it is not known whether they are structurally similar to XylQ.
Another interesting feature of the L. pentosus ␣-xylosidase is its membrane association. The hydrophobicity profile of XylQ does not reveal the presence of a putative signal sequence at the N terminus of the protein, nor does it show the presence of anchor sequences at one of the two extremities of the protein.
It is therefore unlikely that ␣-xylosidase would be translocated across the membrane. Moreover, the two putative transmembrane helices located within XylQ are also conserved in the eukaryotic ␣-glucosidases. Since the eukaryotic enzymes were shown not to span the cytoplasmic membrane, the putative transmembrane segments of XylQ are presumably involved in the folding of the enzyme rather than in its attachment to the membrane. The possibility exists that XylQ might be associated with the cytoplasmic membrane through interaction with other membrane proteins. It should be noted that the membrane fraction of L. pentosus was obtained after passage through a French pressure cell and therefore was composed of inside-out vesicles. The measurement of ␣-xylosidase activity in the membrane fraction of the wild-type bacteria indicates that the substrates were directly accessible to the enzyme (XylQ located inside the cytoplasmic membrane, corresponding to the outside of the vesicles). Based on these observations, we conclude that XylQ is an ␣-xylosidase which most likely hydrolyzes isoprimeverose intracellularly. Strong support for this view, indeed, is the presence of a gene encoding a putative transporter (xylP) upstream of xylQ.
Finally, it is not yet known whether the E. coli hypothetical proteins f772 and f678 are ␣-xylosidases or ␣-glucosidases and whether the f479-f772 and f723-f470-f678 gene clusters are involved in the utilization of isoprimeverose. However, the ability to utilize isoprimeverose has certainly not been investigated for most bacterial species, and it seems probable that other examples of a xylPQ system will be found.
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